Understanding sediment delivery in river basins is a key issue for erosion and sediment research. This study uses multiple regression analysis to analyze the determinants of variability of sediment flux yields in a representative sample of 57 of the world's major rivers. The study has three key findings. First, variation in sediment yields is strongly influenced by variation in precipitation runoff, and a one per cent increase in the precipitation runoff variability ratio increases the sediment flux variability ratio by 0.93 per cent. Second, variation in sediment yields is strongly influenced by variations in sediment concentration, and a one per cent increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 0.99 per cent. Third, variation in sediment yields is weakly influenced by basin area, and a one per cent increase in area reduces the sediment flux variability ratio by 0.0064 per cent.
Introduction
Understanding sediment delivery in river basins is a key issue for erosion and sediment research (de Vente et al. [1] , Walling [2] , Merritt et al. [3] , and de Venet and Poesen [4) ]. More specifically, suspended sediment flux or sediment yield in rivers has significant implications for a wide range of geological phenomena including river channel development, the growth or decline of estuaries, mitigation of floods and management of fluvial systems. Sediment flux or yield is typically expressed in normalized form as kg·km -2 day -1 , this normalization makes it easier to compare behaviour of different river basins than does the use of a total runoff measure such as kg·day -1 . Previous research can be divided into two main types of studies: (1) studies using time-series analysis of individual river basins and sediment flux; and (2) studies using cross-section analysis of a substantial set of river basins. In both types of analysis, the objective is usually to model the relationships among precipitation runoff, river basin area, sediment concentration and sediment flux, and sometimes additional geological or climate variables.
We look first at studies of individual river basins. Sediment concentration and sediment flux in the Yangtze River, China were examined by Yang et al. [5] , Tiedemann [6] Xu [7] , and Lu [8] who found that that both sediment concentration and sediment flux have fallen significantly since the 1950s with the construction of dams and filling of the associated reservoirs. Longterm changes in the Loire Valley, France were examined by Arnaud-Fassetta [9] , Bravard et al. [10] , and Provansal [11] who found that significant channel in-filling has taken place when the supply of riverine sediment exceeded the transport capacity. Channel changes in the Subansiri River, India were examined by Goswami et al. [12] who found that river increases/decreases in water flow or sediment load cause changes in the channels. Using a detailed comparative framework to examine the catchments of Pine Creek, Idaho and of the Drome River, France, Kondolf et al. [13] found that while hard-rock mining and road construction led to increased riverine bedload with channel instability for the Pine Creek, reforestation and dam construction reduced both erosion and bedrock sediment supply and decreased channel width for the Drome River.
We look next at studies of pooled sets of river basins. Several studies have examined the relationship between sediment yield and basin area, and this is perhaps the most frequently explored relationship in sediment research. Studies by Dendy and Bolton [14] , Milliman and Meade [15] , Milliman and Syvitski [16] , Summerfield and Hutton [17] , Einsele and Hinerer [18] , Radoane and Rqdoane [19] , and Renwick et al. [20] found a decreasing sediment yield with increased basin drainage area. The impact of climate on sediment yield has shown more mixed results: Fournier [21] , Jansen and Painter [22] and Hay [23] found that sediment yield increases with increased precipitation runoff, while Fournier [24] and Langbein and Schumm [25] found that sediment yield decreases with increased precipitation runoff.
As noted, the focus in the literature is on the analysis of the drivers of sediment flux levels, but there is little quantitative examination of the determinants of variability in sediment flux levels. The purpose of this paper is to help fill this gap using multiple regression models to estimate the impact of precipitation runoff, sediment concentration and river basin size on variability of sediment flux. The focus of this paper is on perennial rivers, which do not experience periods of zero flow, and on rivers in a reasonably natural state, which have not been unduly affected by dams and their reservoirs
Model
We develop a set of four simple models to explain the variability of sediment yield, with Model (1), Model (2) and Model (3) nested in Model (4).
In Model ( These four models are estimated in both the levels and the logs of the levels of the relevant variables. With the models estimated in levels of the variables, a regression coefficient is interpreted as the change in the dependent variable due to a one unit change in the independent variable. With the models estimated in the logs of the variables, a regression coefficient is interpreted as the percentage change in the dependent variable due to a one per cent change in the independent variable.
Data and Sample
This study uses fifty-seven of the fifty-nine observations in the comprehensive data set used in Meybeck et al. [26] , with the two observations for the Little Colorado River excluded because the Little Colorado is dry for much of the year, and it is therefore not a perennial river.
The variables used in regression analysis for this study are variation in sediment yield, river basin area, variation in precipitation runoff, and variation in sediment concentration. Since the appropriate functional form is not obvious, the models are estimated in both levels and logs of levels of the variables.
It is worth noting that the parameters for the double log form provide estimates of elasticities, that is, they estimate of the percentage change in the dependent variable for a one percent change in the independent variable. Table 1 provides a summary of the data, including the definition, the mean value, and the standard deviation of each of the variables used in the regressions. The partial correlations between the variables used in the models are shown in Table 2 . The dependent variable is variability of sediment yield while the independent variables are area, variability of runoff, and variability of sediment concentration. Note that the partial correlations between the variability of yield and each of the independent variables have the expected signs. An increase in river basin area decreases the variability of sediment yield while an increase in the variability of precipitation runoff or the variability of sediment concentration yield increases sediment yield. Also, note that the correlation between each pair of independent variables is small, so that multi-collinearity among the independent variables is not an issue in obtaining robust estimates of the impact of the independent variables on the dependent variable. The results of the regression analysis are shown in Table 3 and 4, with the standard errors for the regression coefficients and the significance of the F statistic shown in parentheses, and where one, two or three asterisks on the regression coefficient indicate that the regression coefficient is significant at the 10%, 5% or 1% level respectively. The adjusted R-squared and the F-statistic and the Akaike Information Criteria (AIC) are also shown. AIC is a common method for selecting the best regression from a set of similar regressions. Table 3 shows the regression results with variables in levels, while Table 4 shows the regression results with variables in logs. Note that the only difference between the regression results in Table 3 and the regression results in Table 4 is that the regressions in Table 3 assume a linear functional form, whereas the regressions in Table 4 assume a double log functional form. 6.4 Note. Standard errors for the regression coefficients and the probability for F are shown in parentheses. One, two or three asterisks means that the regression coefficient is significant at the 10%, 5% or 1% level respectively. Model 1 includes a constant, basin area, and the variability of precipitation runoff, with the variability of precipitation runoff significant. This equation says that an increase in area of 1,000 square kilometres reduces the sediment flux variability ratio by 0.0064 units, while a one unit increase in the runoff variability ratio increases the sediment flux variability ratio by 20.0 units.
Model 2 includes a constant, basin area, and the variability of sediment concentration, with the variability of sediment concentration significant. This equation says that an increase in area of 1,000 square kilometres reduces the sediment flux variability ratio by 0.0025 units, while a one unit increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 3.05 units.
Model 3 includes a constant, the variability of precipitation runoff, and the variability of sediment concentration, with the variability of precipitation runoff and the variability of segment concentration significant. This equation says that a one unit increase in the precipitation runoff ratio increases the sediment flux variability ratio by 14.9 units, while a one unit increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 2.82 units.
Model 4 includes a constant, basin area, the variability of precipitation runoff, and the variability of sediment concentration, with the variability of precipitation runoff and the variability of sediment concentration significant. This equation says that an increase in area of 1,000 square kilometres reduces the sediment flux variability ratio by 0.0062 units, a one unit increase in the precipitation runoff variability ratio increases the sediment flux variability ratio by 15.2 units, and a one unit increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 2.83 units. Standard errors for the regression coefficients and the probability for F are shown in parentheses. One, two or three asterisks means that the regression coefficient is significant at the 10%, 5% or 1% level respectively.
Model 5 includes a constant, log basin area, and log variability of precipitation runoff, with both variables significant. This equation says that a one per cent increase in the basin area reduces the sediment flux variability ratio by 0.11 per cent, while a one per cent increase in the runoff variability ratio increases the sediment flux variability ratio by 1.52 per cent.
Model 6 includes a constant, log basin area, and log variability of sediment concentration, with both variables significant. This equation says that a one per cent increase in the basin area reduces the sediment flux variability ratio by 0.071 per cent, while a one per cent increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 1.09 per cent.
Model 7 includes a constant, log variability of precipitation runoff, and log variability of sediment concentration, with both variables significant. This equation says that a one per cent increase in the precipitation runoff ratio increases the sediment flux variability ratio by 0.94 per cent, while a one per cent
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Model 8 includes a constant, log basin area, the log variability of precipitation runoff, and the log variability of sediment concentration, with the log variability of precipitation runoff and the log variability of sediment concentration significant. This equation says that a one per cent increase in area reduces the sediment flux variability ratio by 0.0064 per cent, a one per cent increase in the precipitation runoff variability ratio increases the sediment flux variability ratio by 0.93 per cent, and a one per cent increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 0.99 per cent.
Discussion
The statistics-based literature on variability of sediment yields is not extensive, in part because relevant data sets did not exist until quite recently, but there is large literature in the related area of stream flow variability. Since we saw above that stream flow variability as expressed by the precipitation runoff measure is a key driver of sediment flux variability, the analysis of stream flow variability provides some insights relevant to this study.
Since the early 1970s, engineers and hydrologists have shown increased interest in understanding the characteristics of stream flows, including the determinants of stream flow levels and the determinants of stream flow variability. Kalinin [27] undertook the first comprehensive analysis of world-wide stream flows, but there were few observations from the Southern hemisphere. Subsequent studies extended this work with larger and more representative samples and more detailed analysis (McMahon et al. [28] , Peel et al. [29] , Peel et al. [30] ). These studies found, inter alia, that: (1) the hypotheses that there are major differences between streams in the Northern hemisphere and the Southern hemisphere could not be confirmed; and (2) there are differences in annual stream flow characteristics between Australia and South Africa (ASA) and the Rest of the World (RoW). Specifically, the variability of annual runoff for ASA was higher than that for RoW across climate zones that were similar, with potential causes of this difference including differences in the distribution of evergreen and deciduous vegetation, annual precipitation variability, percentage of catchment area in forests, and the range of mean daily temperatures.
The analysis most closely related to the current work was done by McMahon and his collaborators (McMahon et al. [31] , [32] , [33] as part of their definitive study of global stream flows. Using a large global data base, they calculated mean annual flow and the standard deviation of mean annual flow. This information was used to calculate the coefficient of variation (CV) which is defined as the standard deviation divided by the mean and is cone common measure of variability.
Their regression modelling examined the bivariate relationship between CV of mean annual flow versus catchment area (km). Their key results are shown in Table  5 below. There are three regressions, the first for the World sample, the second for the Australia and South Africa sample, and the third for the Rest of the World sample. For the whole set of observations, there is negative relationship between CV of annual stream flow and log area; for the ASA observations, there is a positive relationship between CV of annual stream flow and log area; and for the RoW observations, there is a negative relationship between CV of annual stream flow and log area.
Poff et al. [34] is also a useful comparison with the present study. Poff and his collaborators provide a five region comparison of stream flow variation using daily hydrological data for gauging stations in Australia, New Zealand, South Africa and Europe. They use a wide range of indicators of hydrological alteration (IHAs). Data for flow regimes were normalized by dividing daily flow information by long term annual flow data. Using principal component analysis, the authors found that the two first principal components explained 22.4% and 11.0% of the variation in the space defined by the IHAs. IHA variables with the highest eigenvector loadings included base flow index, CV maximum flows, CV rise rates, CV fall rates, minimum flows, maximum flows, spring flows and autumn flows. Although useful in a descriptive sense as a means of reducing data complexity, these results are difficult to compare to traditional multivariate regression.
Conclusion
This study provides an analysis of the determinants of variability of sediment fluxes or yields for a representative set of the world's rivers. The statistical modelling examines the determinants of sediment flux variability in both level of variables and logs of variables. We use White's OLS estimator to deal with the heteroscedasticity present in the initial OLS regressions. This study has three main findings.
First, variability of suspended sediment flux is strongly driven by variability of precipitation runoff. Using the models in levels, a one unit increase in the precipitation runoff variability ratio increases the sediment flux variability ratio by 15.2 units. Using the models in logs, a one per cent increase in the precipitation runoff variability ratio increases the sediment flux variability ratio by 0.93 per cent.
Second, variability of suspended sediment flux yields is strongly driven by sediment concentration. Using the models in levels, a one unit increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 2.83 units. Using the model in logs, a one per cent increase in the sediment concentration variability ratio increases the sediment flux variability ratio by 0.99 per cent.
Third, variability of suspended sediment yields is weakly driven by basin size. Using the models in levels, an increase in area of 1,000 square kilometres reduces the sediment flux variability ratio by 0.0062 units. Using the models in logs, a one per cent increase in area reduces the sediment flux variability ratio by 0.0064 per cent.
